A glasshouse experiment was carried out to investigate the factors controlling the abstraction of xylem fluid from its host by the parasite Striga hermonthica (Scrophulariaceae). Striga had a mean daily transpiration rate far exceeding that of its host sorghum (Sorghum bicolor), with infestation by Striga also shown to lower the transpiration rate of the host. Stopping the host's transpiration was shown to decrease the transpiration rate of the parasite. Stopping the parasite's transpiration only gave an initial increase in the host's transpiration rate which was not sustained. The parasite had a lower water potential than its host, values being k0n42 MPa and k0n23 MPa, respectively, and an accompanying higher osmotic pressure of 0n68 MPa against 0n51 MPa for sorghum. Modifying the water potential gradient by bagging both partners together showed that the differential in osmotic pressure and water potential was largely maintained by the parasite's higher rate of transpiration. A favourable water potential gradient towards the parasite still existed following the cessation of transpiration, this being generated by the haustorial resistance to hydraulic conductivity which was found to be some 1n5-4n5 times greater than that offered by the parasite shoot. Both the high rate of transpiration and the increased resistance across the haustoria would appear to be necessary means to facilitate the diversion of host resources to the parasite.
INTRODUCTION
Parasitic angiosperms are a diverse group of plants that rely on one or more neighbouring plants (the host) for the partial or total supply of their water and solutes (Kuijt, 1969) . There are over 3000 species of parasitic flowering plants ) which may be separated into holo-and hemiparasites. Holoparasitic species are obligate parasites and as such lack chlorophyll and have little independent capacity to assimilate carbon and inorganic nutrients ; hemiparasitic species may be obligate or faculative and are chlorophyllous. Transfer of resources from the host vascular xylem is achieved via the haustorium which is a mass of both host and parasite tissue and which acts as a conduit through which both nutrients and water may flow. Transfer of resources from host to parasite is generally thought to be facilitated by the lower water potentials of the parasite, a feature which appears to hold for most host-parasite relationships Ehleringer and Marshall, 1995) . The water potential difference between mistletoes and their hosts was shown in pioneering studies by Scholander and co-workers (Scholander et al., 1965) with similar trends also reported in the relationship between the root hemiparasite Rhinanthus serotinus and its host (Klaren and van de Dijk, 1976) .
Striga is thought to be the most important parasitic weed species on a world scale (Parker and Riches, 1993) , with losses in grain yield of between 33 and 90 % being reported * For correspondence. Fax j44 (0)1904 432860. (Obilana, 1983 ; Nour et al., 1984) . The quantitative importance of the water potential gradient between Striga and sorghum has not been measured, although as the osmotic pressure differential has been established (see Gworgwor and Weber, 1991) it should therefore follow (given the relationship between water potential and osmotic pressure) that the accompanying water potentials will be lower in the parasite. The fact that Striga is a hemiparasite initially indicated that its carbon economy may be independent to that of its host ; however, evidence from experiments using carbon isotope ratios (Press et al., 1987 b) have shown that 30-35 % of the carbon in Striga was obtained via the haustoria from its sorghum host. It seems the case then that, whilst certain Striga species may be capable of autotrophic carbon fixation through photosynthesis, there would probably be little or no net carbon gain due to their high rates of night time respiration, a situation also suggested for other root parasites (Press, Graves and Stewart, 1988) ; so while Striga may be a hemiparasite, it is also obligate in its relationship as it cannot establish and develop independently of its host.
Many hemiparasitic plants have a transpiration rate that far exceeds that of their host plant, and this observation is often cited as one of the principal reasons that the parasite is able to divert the flow of resources from the host, as the high transpiration rates are generally regarded as being pivotal in the maintenance of water potential gradients (Musselman, 1980 ; Press, Tuohy and Stewart, 1987 a ; Press et al., 1988) . A further factor which may maintain the water potential gradient would appear to be a kinetic one, caused by the resistance to water flow at the host-parasite interface 0305-7364\97\110649j08 $25.00\0 bo970506 # 1997 Annals of Botany Company (the haustauria). Klaren and Van de Dijk (1976) stated that differences in water potential between Rhinanthus and its host could only exist due to the water transport resistance caused by the haustoria. The bottle-neck to flow that the haustauria represent has been quantified in mistletoe associations by both Glatzel (1987) and by Davidson, True and Pate (1989) , although the importance of this in the Striga-sorghum associated has not been established. The aim of this investigation is to gain an insight into how Striga maintains the increasingly negative water potential gradient which is necessary for it to successfully compete with its host's xylem stream, and to assess the interrelation and relative importance of the factors that allow it to do so. Factors under consideration are : (a) the measurement of the water potential difference between host and parasite ; (b) the investigation of the effect of changes in external humidity on the water potential gradient-to give an insight into how this gradient is regulated by parasite\host ; and (c) measurement of the haustorial resistance-to understand the role this plays in the water relations of the association. Gaining a better insight of the physiological mechanisms involved in the diversion of resources from the host may enable the development of more effective control procedures.
MATERIALS AND METHODS

Plant material and growth conditions
The experimental work was conducted under glasshouse conditions between August 1995 and February 1996. Supplementary heating was used from October onwards with mean day and night temperatures being set at 35\20 mC, respectively. Additional lighting was also supplied via 400W metal halide lamps with a 16 h photoperiod from 0800 to 2400 h. From the middle of December it was necessary to move the plants into a growth room to ensure that a near optimum temperature was maintained. The photoperiod inside the growth room was also 16 h light supplied via fluorescent warm white tubes, whilst the day\night temperature was set at 25\20 mC, respectively. Sorghum (Sorghum bicolor) seeds were placed into 19 cm diameter pots containing about 2 dm$ of John Innes potting compost that had previously been used. The soil was either unamended or inoculated with seeds of Striga hermonthica (obtained from the Kenya Agricultural Research Institute, Kisumu Kenya) ; the pots containing Striga had been kept moist for the previous 2 weeks. Each treatment was replicated 20 times on four occasions, giving 80 pots overall with 2-week intervals between cohorts.
Measurement of the diurnal rhythm of sorghum and Striga transpiration rates
Measurements of host and parasite transpiration rates were taken simultaneously on plants 69 d after sowing. Stomatal resistances were measured using an automatic porometer Model AP3, (Delta T Devices, Cambridge, England) which was recalibrated throughout the day to take into account the changes in temperature and relative humidity (range 30-50 %). Transpiration rates were calculated following the equations of Nobel (1983) . Temperatures throughout the day ranged from 17 mC (0530 h) to 30 mC around midday. Readings were made hourly on the half hour from 0530-0030 h. The first fully expanded leaf of the host plant was used each time, and different leaves on the parasite were used to minimize any damage that clamping of the porometer cuvette may cause on the comparatively brittle Striga leaves ; 18 readings were made hourly, six each for infected sorghum, uninfected sorghum, and Striga. Direct sunlight was observed from 0930-1530 h.
Water potential and osmotic pressure determination
Water potential. Measurements to determine the differential water potential between host and parasite were made using the tissue-volume method as outlined by Salisbury and Ross (1992) . Polyethylene glycol 6000 (PEG-6000) was used to make up the graded solution series as this is a solution that does not easily diffuse through membranes or harm tissues. Disks of similar tissue samples were removed using a hole punch from both host and parasite leaves. As many tissue disks as it was possible to obtain (30-50) were taken from Striga and an equal number from sorghum to give the largest mass of tissue possible, these were then weighed before immersion in different osmotic strengths of PEG-6000. Linear regression of strength of PEG-6000 solution against change in tissue mass was used to determine the point at which the strength of solution did not change the weight of the sample ; the value for the osmotic potential of the PEG-6000 solution was obtained from the table calculated by Villela, Filho and Sequeira (1990) .
Osmotic pressure. The method of limiting (incipient) plasmolysis, as outlined by Slavik (1974) was employed. This method involves determining the molecular concentration of previously prepared test solutions needed to bring about incipient plasmolysis in roughly 50 % of cells in the living (epidermal) tissue. Osmotic pressure determinations for host and parasite were carried out simultaneously. The first fully expanded leaf of the host was used and one of the upper-most leaves of the parasite. Care was taken to ensure that the distance from the soil of the host and parasite leaves under examination were about equal where this was possible. Epidermal strips were taken from the leaves using a sharp razor blade. In order to facilitate the detection of plasmolysis, the samples were dipped in a very dilute solution of Neutral Red Stain (Revector Stains) to colour the vacuolar sap of the living cells prior to being placed into watch glasses containing a graded concentration series of sucrose solutions. Each sample was left in solution long enough to ensure that plasmolysis had occurred (approx. 1 h) and duplicate readings were taken. The value thus obtained is the osmotic potential at limiting plasmolysis ; this is higher than the original normal osmotic potential due to the fact that the volume of the cell at incipient plasmolysis is lower than it was originally. To calculate osmotic potential of the cell at its original volume, it was necessary to find the ratio of cell volumes before and after plasmolysis. This was achieved via the use of an eyepiece graticule previously calibrated with a stage micrometer.
Modification of the water potential gradient
To investigate the effect of changes in external humidity on the water potential gradient, plastic bags were placed over host or parasite to give air near 100 % humidity in the vicinity of the leaves. The transpiration rate (Tn) of the unbagged partner was measured before bagging and followed for the next 4 h. The Tn was only plotted for the first 2 h, as after this time the rates levelled off. When bagging the host, care was taken to ensure that the quality of the light environment that the parasite received was not adversely affected.
Assessing the importance of transpiration in the maintenance of the water potential gradient and the osmotic pressure differential
These experiments were carried out between 1000-1500 h (on separate days), i.e. at the time of day when the transpiration rates of both host and parasite are near maximal. Six sorghum plants, each with a similar Striga infestation, were chosen for the determination of osmotic pressure ; the same plants were also used on a later date for the determination of water potential. After bagging both partners, the plants were allowed to adapt to the humid surroundings for approx. 3 h before either the osmotic pressure or the water potential was determined using the methods outlined earlier.
Measuring the haustorial resistance to water flow
Water flow in the soil-plant-atmosphere-continuum (SPAC) has been considered to be analogous to the flow of an electric current (Richter, 1973) . This means that Ohm's law can be applied to water movement in the system and hence determine the volume of water moving through it. Therefore the relative resistances offered by the various components of the SPAC may be examined via sink manipulation ; bagging half of the transpiring surfaces is assumed to reduce water flow through the system by 50 %. Two techniques were used in order to measure haustorial resistance.
Using the tissue olume method of water potential determination. Eight sorghum plants, all with a similar Striga infestation, were used for the experiment to determine the resistance to water flow that the haustorium represented ; in four of the host plants the parasite was partially enclosed in self sealing plastic bags. Partially enclosed parasites had approx. 50 % of the transpiring surfaces enclosed in plastic bags to prevent transpiration. Where possible, individual leaves were enclosed within self sealing bags ; where this was not possible, due to small leaf size, entire branches were enclosed. Discs of tissue were taken from leaves of Striga with no enclosure, and from leaves of Striga where the plant was 50 % enclosed. Sections were also taken from the host root (of both sorghum with partially enclosed Striga and sorghum with unenclosed Striga) around the points of attachment (haustoria). The water potentials of these samples were then determined using the tissue volume method as described previously. The following equation was used to determine the ratio between shoot and haustorial resistance [from Glatzel (1987) ] :
where R h is the haustorial resistance, R s is the shoot resistance, ∆Ψ c equals Ψ s kΨ h (leaves not enclosed) and ∆Ψ e equals Ψ s kΨ h (50 % of leaves enclosed). Ψ h is the water potential in sorghum (host) root and Ψ s is the water potential in Striga (parasite) leaf. Due to the destructive nature of determining water potential via this method, it was not possible to obtain water potential measurements for leaves and roots before and after bagging from the same sorghum-Striga association. It must be stressed that the results obtained prior to bagging are from a different set of plants from those obtained after enclosure. It must also be noted that any changes in transpiration rates throughout the experiment are a limitation of this method. Host transpiration rates were, however, found to be essentially the same both before and after the experiment (0n87 mmol m − # s − " and 0n93 mmol m − # s − ", respectively), but again due to the destructive nature of the method parasite transpiration rates could not be followed.
Using a dew-point thermocouple hygrometer. In this experiment water potential was determined via the use of a dew point hygrometer (Wescor, Inc, Utah, USA) ; the bagging methodology employed was the same as that described previously. However, the less destructive determination of water potential allowed all the readings to be obtained from the same Striga-sorghum association. Readings were taken of Striga leaves (before and after bagging) and sorghum root for a single association ; four replicate measurements of each were made.
RESULTS
Transpiration rates
Striga was shown to have a rate of transpiration that greatly exceeded that of infected sorghum, the mean daily rates of transpiration being 6 mmol m − # s − " and 0n91 mmol m − # s − ", respectively. It was apparent that the higher Tn of Striga was maintained throughout the time period measured ( Fig.  1 ) : its diurnal rhythm rose and fell approximately in line with that of its host. The mean daily Tn of uninfected sorghum was observed to be 1n01 mmol m − # s − " which was significantly higher (P 0n01) than that of infected sorghum (Fig. 2) . After bagging the host, the parasite's rate of transpiration fell gradually over the first hour until it was approx. 75 % of its previous value (a reduction from approx. 4n5 mmol m − # s − " to about 3n5 mmol m − # s − "). It remained around this lower rate for the rest of the time it was observed, (4 h) although only data for the first 2 h were plotted (Fig. 3) .
After bagging Striga, there was an initial increase of the host's Tn, but after about half an hour the rate began to fall until, after around 1 h, it had returned to approximately its original rate. Transpiration remained at this rate for the rest of the time it was observed (4 h), although again it was only plotted for the first 2 h (Fig. 4) .
Water potential
Striga was shown to have a significantly lower water potential than that of its host (P 0n005) before bagging. The values observed were k0n42 MPa and k0n23 MPa, respectively-a difference of 0n19 MPa between the two. The value for uninfected sorghum was k0n35 MPa which was significantly different (P 0n05) to that of infected sorghum (see Table 1 ).
Osmotic pressure
Striga was also shown to have a significantly higher osmotic pressure (P 0n01) than its host before bagging, values being 0n68 MPa and 0n51 MPa, respectively, giving a difference in osmotic pressure between the partners of 0n17 MPa under freely transpiring conditions. The osmotic pressure of uninfected sorghum was shown to be 0n71 MPa-significantly (P 0n01) higher than that of infected sorghum (see Table 1 ).
Impact of pre enting transpiration on water potential gradient and osmotic pressure differential
Water potential. Halting transpiration only brought about a small increase in the water potential of both infected and uninfected sorghum, whilst a relatively large increase was observed in the water potential of Striga (Table 1) . After bagging, the water potential of infected sorghum increased to k0n21 MPa, and that of Striga increased to k0n32 MPa ; thus the difference between the partners' water potentials was reduced to 0n11 MPa, with the probability of their means being the same increasing to above 0n01. The water potential of the uninfected sorghum changed from k0n35 MPa before bagging to k0n32 MPa after bagging.
Osmotic pressure. The osmotic pressure of both infected and uninfected sorghum was not affected as much as that of Striga due to the cessation of transpiration (Table 1) . Uninfected sorghum, infected sorghum and Striga all showed a reduction in osmotic pressure after bagging : the osmotic pressure of the infected sorghum fell to 0n41 MPa, whilst that of Striga was reduced to 0n48 MPa and the difference between the two was narrowed to 0n07 MPa, although this difference was still significant (P 0n01). The osmotic pressure of the uninfected sorghum changed from 0n71 MPa prior to bagging to 0n62 MPa after enclosure.
Measurement of haustorial resistance
Results determined ia the tissue olume method. Water potential (MPa) before bagging
Water potential (MPa) after bagging
P values obtained from paired two sample Student's t-test. *, Probability of the means between Striga and infected sorghum being the same ; †, probability of the means between infected and uninfected sorghum being the same.
Errors are not reported for the osmotic pressures as only duplicate measurements were obtained.
T  2. Measured water potentials for the haustorial resistance study in lea es of Striga hermonthica and of roots of sorghum under different degrees of enclosure in plastic bags
Measured water potential kMPa
∆Ψ e 0n15 0n11 0n28 Difference enclosed-not enclosed 0n09 0n09 0n33
Data in columns A and B obtained via the tissue volume method ; *, measurements taken on the first set of plants ; †, measurements taken on the second set of plants. Data in column C determined using dew-point thermocouple hygrometer from the same sorghum-Striga association. s.e. given in brackets (n l 4).
water potential can be seen in Table 2 . Covering 50 % of the leaves to stop their transpiration brought about an increase in leaf water potential in the unenclosed leaves. Using eqn (1) and the data from column A (Table 2) , the haustorial resistance to water flow was estimated as being 1n5 times that of the shoot resistance ; using data from column B, it was calculated to be 4n5 times greater than the parasite shoot resistance.
Results obtained using dew-point thermocouple hygrometer. Using eqn (1) and the water potential data from Table 2 (column C), the haustorial resistance to hydraulic conductance was calculated to be some 4n6 times greater than that offered by the parasite shoot.
DISCUSSION
Transpiration rates
The results of this study show that Striga maintained a higher rate of transpiration throughout the day than sorghum. This phenomenon is consistent with the differential stomatal conductances and associated transpiration rates reported between host and parasite in earlier studies Shah, Smirnoff and Stewart, 1987 ; Smith and Stewart, 1990) . This is generally regarded as a means of facilitating the flux of xylem fluid from the host to the parasite.
It was also observed that the transpiration rate of sorghum infected with Striga was lower than that of uninfected sorghum, which also confirms the earlier work of . The reduction of water flux to the atmosphere in infected sorghum will, in part, be due to direct competition for resources. As the parasite's diversion of water from the host would induce water stress, this would prompt the host to conserve its water resources by decreasing transpiration. Such a response would probably be due to an increase in abscisic acid (ABA) in the host, as it is now a generally accepted view that stomatal behaviour can be modified by ABA originating from the epidermis or arriving from the roots in the xylem stream (Tardieu and Davies, 1992) . Such an increase in ABA due to Striga infection was observed by Drennan and El Hiweris (1979) , both in xylem exudates and in aerial shoot material in several sorghum varieties, whilst recent work (Frost et al., 1997) has shown infection by Striga to double the concentration of ABA in the xylem sap of a susceptible variety of sorghum.
The fact that the Tn rate of Striga decreased after bagging sorghum is interesting. Intuitively, it was expected that there would have been an increase in the water potential of the host as a result of the cessation of its transpiration which would have increased the water potential gradient between the association in favour of the parasite. This should have made it easier for Striga to divert water from the host as there should have been less tension in the xylem of sorghum to overcome. Assuming that this was the case, how can the decrease in parasite transpiration be explained ? Whilst the stomatal response of Striga to normal environmental cues may be dampened Smith and Stewart, 1990) , Striga does show some down-regulation of its transpiration rate. Both stomatal aperture and conductance decrease in response to drying of the soil, with the response in Striga always occurring after that witnessed in sorghum (Smith and Stewart, 1990 ; Press and Whittaker, 1993) ; although it has yet to be determined whether stomatal closure in Striga is due to ABA synthesized in the parasite itself or if it is a consequence of ABA imported from the host (Press and Whittaker, 1993) . It is also well documented that increased ABA synthesis occurs in response to drying soils (Tardieu and Davies, 1992) . However, it is not known which components of the drying soil act as the signal for increased ABA synthesis (Davies, 1991) or, indeed, if the soil that is in contact with the roots actually becomes drier as the bulk soil dries. The signal in sorghum responsible for increased ABA production could possibly be triggered by the fact that the roots of sorghum are not taking up any water due to the cessation of transpiration ; that is, changes in root water status could be partly responsible. If this was the case, then this would tend to indicate that the observed decrease in transpiration shown in Striga was a result of ABA being imported from its host, as it seems unlikely that given easier water availability that Striga would synthesize its own ' stress ' hormone. Alternatively, it could be the case that Striga down-regulated its own rate of transpiration, by other means, as a consequence of it being able to acquire the same level of nutrition from its host at a lower cost of water ; although the apparent disregard for water use efficiency shown by Striga would seem to make this less probable.
On the basis of observations by , who showed that uninfected sorghum had a higher rate of transpiration than infected sorghum (subsequently backed up by this study), it was expected that reducing the parasite's pull on the water conductive system of the host would enable it to transpire at a greater rate due to the easier availability of water. The initial increase in host transpiration, apparent for approx. 1 h, is probably a direct result of the decreased competition ; but why this was not sustained is puzzling. There would appear to be several different impacts of Striga on its host which help explain this : it may be that sorghum is not able to sustain utilization of the greater water availability due to parasite-induced metabolic dysfunction or damage caused to the shoot due to diversion of resources to the roots. Studies by and Graves, Press and Stewart (1989) have shown a reduction of sorghum photosynthesis when infected by Striga. Infection by Striga may also result in a marked change in the root : shoot ratio (with the root systems of infected sorghum plants being greatly stimulated, whilst the shoot systems are weaker and stunted), a possible toxic\pathological effect to the host Parker and Riches, 1993) , and alteration to host plant growth regulators (Drennan and El Hiweris, 1979) . There are also suggestions that observed reductions of light saturating CO # fixation in infected sorghum plants result from a decrease in photosynthetic capacity rather than changes in stomatal conductance . So it could be the case that, due to irreversible changes caused by infection earlier in its life cycle, sorghum is unable to fix carbon at a rate sufficient to justify a greater stomatal aperture. As the demand of the mesophyll for CO # would be diminished, this could prompt stomatal closure in order to maintain a constant intercellular CO # concentration, the initial rise in host Tn being apparent only until such time as the optimal WUE has been achieved.
Water potential
Although the difference in water potential between partners in the Striga-sorghum association have not been quantified before, it was nevertheless expected that the parasite would have a lower (more negative) water potential. Such gradients have been observed in other associations : in mistletoes (Scholander et al., 1965 ; Fisher, 1983) and Rhinanthus serotinus and its host (Klaren and van de Dijk, 1976) . This is also in agreement with the established view that water movement through the SPAC moves along a gradient of increasingly negative water potential, as the parasite is essentially an additional segment to the continuum.
Osmotic pressure
The higher osmotic pressure of Striga that accompanied the lower water potential was in general agreement with work by Gworgwor and Weber (1991) who showed a higher osmotic pressure in Striga than in sorghum, except when grown at an optimum nitrogen rate. This also agrees with observations from mistletoe associations (Fisher, 1983 ; Glatzel, 1983) . The higher osmolarities would no doubt help to maintain the lower water potential, as the water potential will become lower with the greater distance between the water molecules. Further studies, looking at the preemergant parasite, may give some insight into how host resources are diverted in the absence of Striga transpiration.
Calculation of turgor pressure from the observed values of water potential and osmotic pressure was not carried out as these measurements were taken on different days, so it was not deemed justifiable to do so. However, determination of turgor in future studies would be worthwhile as it is turgor that is thought to be the driving force for growth, and such measurements may help to gain a fuller understanding of the processes occurring following the cessation of transpiration.
Impact of pre enting transpiration on water potential gradient and osmotic pressure differential
Transpiration does appear to be important in the maintenance of the water potential gradient and the osmotic pressure differential, as the differences that existed between host and parasite were narrowed considerably when both partners were bagged. The impacts of stopping transpiration on water potential are obviously linked to the effects upon the osmotic pressure, so they will be considered together. The cessation of transpiration had a much larger effect on both the osmotic pressure and the water potential of the parasite than it did upon its host, and indeed on that of uninfected sorghum. It is probably the case that lower water potentials are maintained to a greater extent in sorghum due to solute accumulation brought about by changes in the water status. Simple passive collection of solutes can occur as a result of dehydration ; but as the tissues were unlikely to have become dehydrated as a consequence of bagging, it may be the case that the accumulation of solutes was due to osmotic adjustment. Osmotic adjustment has been defined as the lowering of osmotic potential i.e. an increase in osmotic pressure (Girma and Krieg, 1991) in response to water stress, and this phenomenon is fairly well documented in sorghum (Jones and Turner, 1978) . It may be the case that even though the osmotic pressure of the host fell after bagging, it was sustained to a greater extent than that of the parasite, via the net accumulation of solutes (osmotic adjustment). Although it would appear that osmotic pressures are raised in response to developing water deficits (Davies, 1986) , it could be that the lack of transpiration (something normally associated with a water deficit) in some way triggers a stimulation of osmotic adjustment. Transpiration does therefore appear to be more important for the growth of the parasite than for the growth of its host, as sorghum may have a greater ability to maintain turgor by net solute accumulation.
Measurement of haustorial resistance
The results showed the haustorium offered greater resistance to hydraulic conductivity than the parasite shoot. As has been stated elsewhere (Press, Graves and Stewart, 1990) , it is probably the case that low conductivity across the haustorium represents the largest component of resistance in the pathway between host and parasite. Indeed, it seems highly unlikely that conductivity across the haustorial interface could be as efficient as that through the plant stem and, as stated by Lamont (1983) , that direct xylem-xylem contacts may have been overrated as a direct route for water and nutrient transfer. Reductions in shoot water potential occur as a result of water loss through transpiration even when plants have an adequate water supply (Koide et al., 1989) . This reduction in shoot water potential is caused by the resistance to liquid water flux (hydraulic resistance) in the soil\plant transpirational path, and it would appear that parasitic plants exploit this feature to ensure a continuous supply of xylem fluid. Given the probable importance of haustorial resistance for the maintenance of differential water potential between host and parasite in some associations (Klaren and Van de Dijk, 1976) , the increased tortuosity would appear to be a necessary adaptation.
The findings of this study showed the haustorial resistance to be between 1n5-4n6 times greater than that offered by the parasite shoot, and are in general agreement with the findings of Glatzel (1987) and Davidson et al. (1989) who observed this to be the case with mistletoes. In experiments conducted with Loranthus europaeus on its host Quercus robur, Glatzel (1987) estimated that haustorial resistances were 2n6-4n2 times greater than those generally found in the parasite plant stem, while Davidson et al. (1989) , looking at Amuema linophyllum parasitizing Casuarina obesa, estimated that about three quarters of the nocturnal water potential difference was due to the mistletoe haustoria.
Hydraulic conductance will depend upon the nature of the vascular continuity across the host-parasite interface, as haustorial structure, size and number of xylem-xylem contacts differ considerably between species (Press and Whittaker, 1993) . Variable resistance in mistletoe associations was proposed by Davidson and co-workers (Davidson et al., 1989 ; Davidson and Pate, 1992) who speculated that differences in the turgidity of parenchyma cells, due to changes in water stress, may vary apoplastic gateways and thus flow. Associated with parenchyma cells in the haustoria of many parasitic plants are granual-containing xylem conducting cells (graniferous tracheary elements) ; Fineran (1985) speculated that these elements, as well as offering resistance to water transport, may act as valves, reducing the chance of any back-flow of xylem sap from the parasite to the host under conditions of water stress in the host. Graniferous tracheary elements have apparently been observed in Striga (Fineran, 1985) , although these elements (also known as phloeotracheids) were not observed by Mallaburn and Stewart (1987) . Whether or not it is the case that Striga possesses such elements, any valve-like behaviour across the host-parasite interface would appear to be a desirable characteristic. Regulation of diverted host xylem fluid would be advantageous as the parasite grows, as its transpirational area would increase and subsequently increase proportionally the frictional resistance across the haustoria. Therefore, if the resistance became too great, the water potential in the parasite tissues may become so low as to induce cavitation of the xylem vessels leading to air embolisms. Such an occurrence in an obligate parasite would probably be fatal (Ehleringer and Marshall, 1995) .
Measurements of the haustorial resistance achieved using either the tissue volume or hygrometer methods of determining water potential were in surprisingly close agreement with one another ; however, actual values of the water potential obtained differed substantially between the two methods. The values obtained using a hygrometer were much lower in both the haustorial resistance study and in a small experiment looking at the gradient between partners (data not presented) ; even though the values were much lower when measured by hygrometer, differences of a proportional magnitude were witnessed. Thus whatever the actual value of the water potential, the agreement in the resistance measurements would appear to show that a considerable resistance to flow does actually exist across the haustoria.
